Introduction
The question of place of origin of the meteorites has not yet been satisfactorily re solved. Two possible sources are immediately obvious: the asteroidal belt and the surface of the moon. The experimental data which are most pertinent to this question are the measured cosmic radiation ages of the meteorites, which date the time between their reduction to metersized bodies (presumably through some collisional break-up) and their capture by the earth. The main characteristic of these ages is that the iron meteorites have ages on the order of 10 8 -109 years, while the stones have ages of from 2-50 x 10^ years. There may be a fine structure in the age spectrum, with irons clustered at 6 x 10° years and stones at 5 x 10 6 years, but this paper will be concerned primarily with the overall character of the meteoritic age diagram, as shown in Figure 1 . The interpretation of t age clusters will be discussed as a perturbation on the overall scheme.
The discrepancy between the iron and stone ages (we restrict ourselves now to chondritic stones, for which a statistically significant number of radiation ages have been measured) has been accounted for by Urey on the basis that the irons come to us from the asteroidal belt, and the stones from the surface of the moon.
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This derives from Opik's calculation of 10 -10 years as the collision lifetime of objects coming from the asteroidal belt, and 10 7 years for objects coming from the moon. Many of the objections to a lunar origin were based on mechanical difficulties, which might be removed by the postulate of cometary impacts. And Arnold 3 indicates that a lunar ori gin is possible if most of the chondrites originated in a few large events occurring more than 10 years ago. But recent work by Hapke 4 ? 5 seems to demon strate conclusively that the photometric properties of the moon are not compatible with those of chon drites .
The asteroidal belt, on the other hand, would seem at first glance to a perfectly suitable place from which all the meteorites might come. The size and relative velocity of the asteroids indicate that asteroidal collisions must be common place phenomena; in fact, calculations by Kuiper6 indicate that catastrophic collisions should occur at intervals of 10^ -10 5 years, that is, on a cosmic time scale, virtually continuously. The radiation ages of the irons are perfectly reconciliable with an asteroidal origin, as indicated above, but the ages of the chondrites have led various authors to the conclusion that a separate origin, or a more complicated history, is indicated for these objects. Thus, Anders 7 says that "The hypothesis of continuous meteorite production by asteroidal collisions would therefore be perfectly acceptable, were it not for the curious systematic difference between the exposure ages of stones and irons." And Arnold 3 concludes that the asteroidal density appears to be insufficient to be consistent with the cross section for destruction by asteroidal collision required to account for the chondritic ages: "This is a strong argument against an aster oidal origin for chondrites, unless another unknown mechanism exists for shortening chondrite ages."
It is the purpose of this paper to suggest that space erosion may be this "unknown mechanism".
Cosmic Radiation Ages
Since the object of this paper is to duplicate the cosmic radiation age spectrum of the chondrites by a calculation based on space erosion, it is necessary to review and evaluate the measured cosmic radiation ages. Only a very few ages have been determined by actual measurements of both a radio active and a stable cosmogenic nuclide, too few to accept as describing any general trend in the ages.
Instead, one is forced to rely on ages estimated from actual He3 (and sometimes Ne 21 and Ar 38 ) measurements, and an averaged H3 production rate. This procedure generally is justified by the statement that the measured H 3 activities do not show much variation from one meteorite to another. In actual fact, they vary from 0.1 -0.8 dpm/g 8 . A comparison of the ages of those meteorites for which actual He^/H 3 measurements have been car ried out with the ages one would estimate for them by the He 3 data alone is shown in Table 1 . The errors in the ages based on He 3 data alone are sometimes claimed to be on the order of ± 20%, and on this basis arguments based on possible fine structure in the age diagram are made. It would appear from Table 1 , however, that errors of a factor of two must be common. This, to gether with the statistically insufficient num ber of analyses for most meteoritic classes, make discussion of the fine structure premature. For only three classes of chondrites are there a reasonable number of analyses: the amphoteric chondrites 9 , the bronzite chondrites, and the hypersthene chondriteslO. Of these, only the bronzites show real evidence of an age cluster. We will discuss, therefore, the overall age spectrum of Fig. 1 , and then, in a separate sec tion, examine the meaning of the bronzite cluster. and the measured radiation age T is therefore
Then, as the true radiation age T f becomes very large compared to T, the erosion rate reaches a maximum value
This analysis was presented by Whipple and Fireman as a means of estimating the maximum possible erosion rate of iron meteorites. Sub sequently it has been discussed as the means by which the measured radiation ages of the stones have been shortened. That is, that the measured ages of the stones are not determined by Eq. (4) but by T = (aE) -1
(7)
The Previous Space Erosion Model
The idea of space erosion as the dominant factor in the radiation ages of the stones and irons has been put forward by Fireman and DeFelice-^9 but has been severely criticized and rejected by Anders 7 , Eberhardt and Geiss 17 and others. The criticisms, which will be dis cussed in detail later with respect to their applicability to the model proposed here, were all based on the following model proposed by Whipple and Fireman 18 : Cosmogenic production of a nuclide X fol lows the equation dX/dt = Ae -aR
(1)
. where a and A are constants, and where R is the distance between the sample and the surface of the meteorite. The total content of a cosmogenic stable nuclide is then
where r is the preatmospheric radius of the mete orite, E is the erosion rate, and T' is the true radiation exposure age of the meteorite. The measured production rate, which is measured at time of fall of the meteorite, is not Eq. (1) but is
It was therefore concluded that , to a first approximation, the ages of all chondrites should be the same, or, to a second approximation, that the ages should vary according to varying erosion rates which would be dependent on the brittleness of the individual meteorites . These conclusions are not in accord with the observed facts.
The Proposed Model
The model presented in this paper does not propose that space erosion alone is responsible for the measured radiation ages, as per Eq. (7), but suggests that space erosion may be a con tributing factor, as per Eq. (5). The model is based on the following assumptions :
1. The iron meteorites were formed at times indicated by their cosmic radiation ages, or at times previous to these, by collision of larger bodies in the asteroidal belt. They have suf fered negligible space erosion compared to that suffered by the stone meteorites . This question will be discussed later, following Eq. (11) . For now, we simply point out that the Fireman-Whipple Eq. (6) can be used to determine the maximum amount of space erosion that might have taken place. This was done in an earlier paper^9 ; the result, corrected for a more precisely determined age of the Grant meteorite, is E ^3.7 x 10~8 cl/yr.
2. The stone meteorites are being formed continuously by collisions in the asteroidal belt. Continuous formation of stone meteorites, as op posed to the episodic formation of iron meteorites, implies that the greatest number density of aster oids correponds to stony meteoritic material.
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3. The mass-number density distribution of meteorites, as created in the asteroidal belt, follows an exponential form, as discussed by Arnold 3 or Brown 20 . But this distribution on earth, that is, the mass-number density dis tribution of meteorites whose ages have been measured and which therefore form the data which are to be explained, differs from the ex ponential form. At masses lower than about 30 kg. the numbers begin to drop off, and there are no stone meteorites measured with a mass greater than 900 kg.; indeed the largest known stone weighs 1024 kg. It is improbable that this cut-off is due solely to chance. Rather, it is likely due to a finite escape velocity from the colliding bodies 3 , and therefore repre sents a real limit to the maximum possible size of chondrites. Thus it seems most reasonable to base the argument on the actual mass dis tribution of meteorites whose ages have been measured. This is given in Fig. 2 .
We picture, then, that in each unit in terval of time, beginning at a time comparable to the age of the iron meteorites or previous, stone meteorites are being formed, falling to earth, and being collected and measured in the number-mass relationship given in Fig. 2 . It follows that an effective erosion rate equal to or greater than that given by (8) where is the maximum radius , correspondq "ing to a 10 J -kg chondrite , and T' rrjax is the true radiation age of the oldest chondrite , is sufficient to account for the fact that no chondrites exist whose measured age is larger than about 55 x 10 6 years. This value of Emin can be estimated from the relationship
Taking a = 1/45 cm 1 , Emin T' max = rmax , and rmax e<~Lual "t° twice the postatmospheric radius of the 103 _ kg (to allow for atmospheric ablation), 1 --ar e max aT = 0.56 x 10 6 cm/yr (10) One can make a very rough independent approximation of the erosion rates to be expected in space. The orbital inclinations and ec centricities of the asteroids indicate collision velocities y_ on the order of 5 km/sec; the dustasteroidal relative velocities should be about the same. The dust density P_ is probably not According to Opik's model 22 , the ratio of mass ejected to impacting mass is 4.5v//s/p where s_ is the crushing strength and p_ is the density of the target. Then the erosion rate would be E = 4.5 P v //s/p 2 x 10" cm/yr (ID 16 for the spherical chondrites, using a value for the crushing strength of 3 x 10 § dynes/cm . How ever, the low crushing strength of these mete orites is due to the softness of the matrix be- (11) itself is, as follows: Taking the mass distribution of the asteroidal dust as dn/dlnm = km (12) by extrapolation of Arnold's distributuion, with a = 0.76, and a low-mass cut-off24 at a dust di ameter of about 10~3 CTTl5 £-£ j_ s estimated that the ratio of particles with radius in the range 0.1 -10 millimeters is about 1/40 of the total density. This is the density that may be used in Eq. (11), giving an estimated erosion rate of about 5 x 10~° cm/yr. Calculations based on Pietrowski's 25 model of collisions give an ero sion rate about an order of magnitude higher.
For iron meteorites there is no soft matrix to enhance erosion, and the smaller-sized dust particles will be as effective as the larger. Using Eq. (11), with a crushing strength26 o f 3 x 109 dynes/cm2 and utilizing the full dust density, the erosion rate is calculated to be about 10~8 cm/yr. These calculations are no better than orderof magnitude estimates. They show merely that: (1) The erosion rate of 0.56 x 10~6 cm/yr, as per Eq. (10), which is necessary to account for the observed fact that no chondrite has a mea sured radiation age of greater than 55 x 10 6 years, is not unreasonably high, and (2) It does not seem unreasonable to postulate that the iron meteorites have undergone an amount of space ero sion which is negligible compared to that suffered by the stones. Now with an erosion rate equal to or greater than 0.56 x 10~6 cm/yr, and a maximum chondritic radius of 52 cm, it follows that no chondrite will have a measured radiation age greater than 55 x 10 6 years. The relative numbers of mete orites expected in each 5 million year interval of measured radiation ages from 0 to 55 million years are simply those with a radius greater than the dimensions eroded within the true time corresponding to the radiation age. These can be calculated from the mass distribution of Fig. 2 , for r = ET T . It is not assumed that T' is very much greater than T; rather, T' is calculated for each T by Eq. (5). Thus, of all meteorites created longer ago than T T and therefore show ing a measured radiation age greater than T, only those with an initial radius greater than r = ET 7 will have escaped total destruction by space erosion and therefore be available to capture by earth. That is, the fraction of meteorites lying in a time interval AT is given by N(AT) = (13) .N. i i where r ranges from 0 to 52 cm. A histogram of calculated versus measured ages is shown in Fig. 3 . The agreement with the shape of the age spectrum is quite reasonable.
The measured ages are not sufficiently accurate to justify an attempt to fit the calculations to the data by varying para meters and thus to calculate by this model an effective erosion rate. However, it should be instructive to investigate the effect of a few other erosion models:
(1) The origin of the interplanetary dust is not yet settled. If it arises as collisional debris in the asteroidal belt, and if collisions are increasing with time (due to an increasing number of smaller bodies as an ef fect of the collisions) faster than the dust particles are removed by the Poynting-Robertson effect, then space erosion will not be con stant but will be an increasing function of time. Alternatively, the dust density might be a constant of time, but increasing fre quency of collisions might modify our assump tion (2) towards a frequency of meteorite production increasing with time. To com pensate for either of these effects the pre vious calculation can be done with an erosion rate taken as (14) where E is the present erosion rate, b_ is an adjustable parameter, and t is measured back wards from the present. Choosing a value of b_ = 3 x 10~8 yr' 1 , with EQ = 1.5 x ICr 5 cm/yr, one calculates the histogram shown in Fig. 4 .
(2) Alternatively, the dust may be being supplied to the asteroidal belt by a few catastrophic collisions, therefore sporadi cally. The dust density today may be much higher than its time-average over the last few hundred million years . If we assume one such collision taking place 20 million years ago, resulting in an erosion rate of 1 x 10~6 cm/yr, preceded by an erosion rate of 0.25 x 10 cm/yr, we get the histogram of Fig.  5 . To illustrate the effect of changing parameters, if the collision took place 10 million years ago, and the corresponding erosion rates were 2 x 10~° after collision and 0.2 x 10~5 before collision, we obtain the histogram of Fig. 6 . If this dustproducing collision were also a source of mete orites, it would increase the number of mete orites in the few-million year age interval, thus providing even closer agreement with the data.
More accurate information on the radiation ages of a large number of meteorites is necessary before it would be reasonable to calculate a more complicated and perhaps more physically signifi cant erosion rate. It should be noted, however, that a time-decreasing erosion rate (which might correspond to a dust loss rate by PoyntingRobertson effect greater than a dust accretion rate) does not duplicate the shape of the radia tion age spectrum.
In summarizing it.is probably well to point out explicitly the role of space erosion in this model. Space erosion is not purported to be the sole agent regulating the observed radiation ages of the chondrites. Rather, it has two effects: (1) It is responsible for the cut-off in radia tion age of 55 x 10 6 years, since the chondrites formed previous to this date are completely eroded away and never reach earth. (2) It shifts the measured age of chondrites to lower values than the true age, as per Eq. (5). This effect is itself a function of age. For example, a measured age of 50 x 10^ years, with a value of E = 0.56 10~^ cm/yr, implies a true radiation age of 78 x 10 b years, while a measured age of 5 x 10" years gives a true age of only 5.1 x 10 years. Thus space erosion is an important effect only for the older meteorites, unless the actual erosion rate is much greater than that estimated here.
The Bronzite Cluster
It is apparent from Figs. 3-6 that a dis crepancy between theory and experiment exists primarily in the low-age region of the spectrum, 0-5 million years. The excess of observed values over those predicted by the model cannot be re moved by any reasonable manipulation of the para meters . This leads naturally to the supposition that one particular collision occurred during this time interval, giving birth to a significant num ber of meteorites. Due to the recent date of this collision, its age is not affected by space ero sion.
The data of Zahringer clearly indicates such a collision. Of 32 bronzite chondrites measured by him, about 24 have measured ages of about 4 million years, indicating that they were formed in one collision at this time. The few bronzites with higher ages (ranging up to about 20 million years) may be remnants from previous bronzite-producing collisions or may simply be examples of the errors involved in estimating cosmic radiation ages.
If the bronzite age spectrum is subtracted from the total chondritic spectrum of Figs. 3-6 , the agreement between the proposed model and the data is greatly enhanced. The bronzite cluster, then, fits into the model as a perturba tion on the continuing background of chondriteproducing asteroidal collisions.
Other age clusters tentatively pointed out by Anders and others seem to have been washed out by the accumulation of more data. At any rate, there does not seem to be enough evidence for their existence to justify any attempt to discuss them in terms of this model at the pre sent time.
Applicability of Previous Criticisms of Space Erosion
The effect of space erosion on the radiation ages of meteorites has been reviewed, critically evaluated, and finally discarded, chiefly by Anders and Eberhardt and Geiss^-7. We review here the criticisms and their applicability to the present model:
(1) All stone meteorites should have the same age, given by T = (aE)~ . In the present model this conclusion does not follow, the dis tribution in ages being given instead by Eq. (13).
(2) There should be a one-to-one cor relation between the age of a given meteorite and its hardness, e.g., a more friable mete orite crumbles more easily and would therefore erode more quickly and would therefore have a younger age, again given by T = (aE)" 1 .. In the present model no such one-to-one correspondence should exist since, meteorites being produced continuously, a more friable meteorite might have been created at any time and might there fore show any radiation age from 0 to 55 million years. But consider the entire mass spectrum of meteorites created within one time interval: a larger number of the more friable will be completely eroded before cap ture by the earth than of the less friable. Then there should exist a trend between hard ness of meteorites and their radiation ages; the harder meteorites should in general have longer radiation ages. At present there is not enough data to investigate this problem: the fact that one particular meteorite may be easily crushed and yet show a long radia tion age, or vice versa, is not significant.
(3) The size distribution of meteorites : this criticism refers to a model in which all the stone meteorites were created at the time of creation of the irons, about 5 x 10^ years ago. Then "one cannot expect that all stone meteorites started out some 15 meters in di ameter and were worn down to 1-meter diameter before they dared to collide with the earth." But any meteorites that had collided with the earth early in their history would have done so some tens to hundreds of millions of years before earth-men began collecting them, and would certainly be lost to us. Therefore the criticism is not valid even for the model it attacks; it has no significance to the present model, which takes as one of its bases the observed mass distribution of Fig. 2. (4) Is it reasonable that the stones actually are eroded faster than the irons 2^? This was discussed in evaluating"the applicability of Eq. (11) . The faster erosion of stones does seem reasonable, but is certainly not proven. The ero sion rate for irons should not be greater than ^3.7 x 10" 8 cm/yr in order to preserve the model; that is, about an order of magnitude less than the stone erosion rate. Experimental evidence is needed to decide this question finally. 122
